The lepton or baryon number violating top quark interactions in the supersymmetric standard model with R parity violation contribute to the process dd → tt at the tree level via the t-or u-channel sfermion exchange. Since these interactions are chiral, they induce polarization to the top quark in the tt events at hadron colliders. We show in this article that the polarization can be a useful observable for probing these interactions at the upgraded Fermilab Tevatron collider, because the polarization is expected to be very small in the standard model.
I. INTRODUCTION
The top quark has an exceptionally large mass of the order of the electroweak symmetry breaking scale and is naturally expected to have a close connection to new physics [1] . The Run 1 of the Fermilab Tevatron collider has successfully ended with the discovery of the top quark, but has yielded only a relatively small number of top quark events, which leaves plenty of room for new physics to be uncovered with the Tevatron upgrade [2] in the near future. Due to higher statistics, the tt sample at the upgraded Tevatron is expected to provide a sensitive probe of new physics [3, 4] .
A most popular model of new physics is the Minimal Supersymmetric Model (MSSM). In this model, the discrete multiplicative symmetry of R-parity, defined by R = (−1)
2S+3B+L
with spin S, baryon number B and lepton number L, is often imposed on the Lagrangian to maintain the separate conservation of B and L. This conservation requirement is, however, not dictated by any fundamental principle such as gauge invariance or renormalizability. The finiteness of the neutrino mass as suggested by the Super-Kamiokande and several other neutrino experiments [5] also implies that lepton numbers may be violated.
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The most general superpotential of the MSSM consistent with the SU(3) × SU(2) × U(1) symmetry and supersymmetry contains R-violating interactions which are given by [6] 
Here L i (Q i ) and E i (U i , D i ) are the left-handed lepton (quark) doublet and right-handed lepton (quark) singlet chiral superfields, and c denotes charge conjugation. H 1,2 are the Higgs chiral superfields. The indices i, j, k denote generations and α, β and γ are the color indices. The λ and λ ′ are the coupling constants of the L-violating interactions and λ ′′ those of the B-violating interactions. The non-observation (so far) of the proton decay imposes very strong constraints on the product of the L-violating and B-violating couplings [7] . It is thus conventionally assumed in phenomenological studies that only one type of these interactions (either L-or B-violating) exists. Constraints on these R-parity violating couplings have been obtained from various analyses [8] [9] [10] [11] [12] [13] [14] and some of their phenomenological implications at lepton [15] and hadron [16] colliders have been investigated. It is notable that the bounds on the couplings involving top quark are generally quite weak (see Ref. [17] for a review). In the future precision top quark experiments at the upgraded Tevatron, these couplings may either manifest themselves or subjected to further, stronger constraints.
In proton-antiproton collisions, the L-violating top quark interaction λ ′ can induce treelevel processes such as dd → t LtL via slepton exchange in the t channel. (Here the subscript L stands for chirality, not helicity.) Similarly, the B-violating λ ′′ coupling gives rise to the process dd → t RtR via squark exchange. Since the couplings are chiral, these new production mechanisms produce an asymmetry between the left-and right-handed polarized top quarks. This polarization can be a sensitive probe for these couplings due to the fact that both the SM and R-conserving MSSM contributions to the polarization are small 2 . In Ref. [19] , the contribution of these processes to the total tt cross section was studied to constrain the relevant R-violating couplings. The effect is found to be at most of the level of a few percent. Because of the uncertainties in the SM predictions of the tt production cross section and possible contributions from the R-conserving MSSM interactions [20] , the total tt cross section turns out not to be a suitable observable for the R-parity violating interactions. In this paper, we investigate the possibility of probing the R-violating in several observables including the top quark polarization in tt production at the upgraded Tevatron collider. The top polarization can serve as a sensitive probe of the R-parity violating interactions because of the negligibly small SM or MSSM contribution.
II. PROBING R-VIOLATION VIA TOP POLARIZATION
In terms of the four-component Dirac notation, the Lagrangian of the λ ′ and λ ′′ interactions is given by (notice that λ
The relevant Feynman diagrams for the process dd → tt via the L-and B-violating couplings are shown in Fig. 1 . It is evident that these amplitudes are proportional to |λ ′ i31 | 2 and |λ ′′ 31i | 2 , respectively. The form of these amplitudes are discussed in some detail in the Appendix. Here we show the cross section at |λ| 2 (the interference term with the SM O(α
For the L-violating couplings, we find
whereŝ is the tt c.m. energy squared, θ * the scattering angle in the tt c.m. frame, and
A sum over the flavor index i is implied. Similar processes ss → tt and bb → tt occurs through the couplings λ ′ i32 and λ ′ i33 , respectively. The amplitudes for these processes are given by the same formulas with obvious substitution of the coupling. We will neglect these processes as the parton distributions of s and b quarks are small in a proton.
The corresponding expressions for the SM (QCD) lowest-order amplitude is
The sum of these two contributions give the cross section dσ λtλt /d cos θ * up to order |λ| 2 . When only the polarization of the top quark is observed, we can sum over thet helicity
Integrating over the scattering angle, we obtain
We define several observables sensitive to the R-violating interactions. The (total) top polarization is given by
The hemisphere top polarizations are obtained by restricting the top scattering angle in the tt c.m. frame to the forward or backward hemisphere. The forward top polarization is defined as 10) and the backward top polarization P B t is similarly defined with cos θ * < 0. The forwardbackward asymmetry of the top quark is given by 11) which can be defined for either a fixed top quark helicity or with the helicities summed.
In the case of the B-violating interaction, the helicity cross sections are obtained from those for the L-violating case with the replacement cos θ * → − cos θ * and λ t,t → −λ t,t . We have
The expression for P t changes sign in addition to the replacement of the coupling and mass.
The forward and backward hemispheres should be also exchanged.
The contribution of the electroweak process→ Z * → tt is known to be small [18] and will be neglected in the following analysis. It is important to realize here that there is no interference with the QCD amplitude because of the orthogonal color structure. Thus the effect of the R-violating interaction can be sizable even for a comparable coupling strength.
We calculate the cross section σ for pp → tt + X by convoluting the parton cross section σ discussed above with the parton distribution functions. We use the CTEQ3L parton distribution functions [21] with both the renormalization and factorization scales chosen to be µ =ŝ 1/2 . The top quark mass of 175 GeV is used. We assume that the QCD correction factors (the K factor) to σ new and σ 0 take the same value of 1.7. For the purpose of estimating the statistical sensitivity, we assume that only the leptonic modes t → W + b → ℓ + ν ℓ b (ℓ = e or µ) are used to identify the top quark. This is because charge measurement is needed for top/antitop identification and the reconstruction of the final state decay products is required for separating the top polarization states from decay angular distribution [22] . The statistical error for the top polarization is given by 13) where N + and N − are the numbers of right-handed and left-handed top events. The polarization oft can also be used to increase the statistical sensitivity of the data. The total polarizations Pt and P t have the same magnitude but opposite in sign within our approximation, and the hemispheret polarization can be calculated from the expressions given above. To be conservative, we do not use thet polarization in the following analyses.
We assume for simplicity that only one of the couplings dominates. For the L-violating couplings, λ ′ 131 and λ ′ 231 are already strongly constrained by atomic parity violation and ν µ deep-inelastic scattering [10] , respectively. We may thus interpret our result as that on λ ′ 331 , in which case the scalar-tau is exchanged in the process. In the case of B-violating interactions, none of the relevant couplings have been well constrained by other processes.
In Fig. 2 , we show the polarizations P t , P (2) gauge coupling, a polarization of several % is expected, without contradicting with existing limits. The total polarization is smaller than hemisphere polarizations because of the cancellation between the two hemispheres. For the coupling λ ′ 331 (λ ′′ 31i ), the backward (forward) polarization has the largest magnitude of the three. In spite of the smaller number of events, the statistical sensitivity of the backward (forward) polarization is higher than that of the total polarization, as may be seen from Fig. 3 . Because of the small electroweak contribution (much less than one per cent), the top polarization can be a useful probe of the R-violating couplings.
The forward-backward asymmetries for the top quark (for individual helicities and their sum) are shown in Fig. 4 . The size of the effect is similar to the polarizations. The total asymmetry is smaller than the asymmetries of each helicity top events.
The 2σ limit for λ
, which is defined 3 by Eq. (2.13) with
, versus scalar-tau (squark) mass is shown in Fig. 5 for the integrated luminosities of 2 fb −1 (Run 2) and 30 fb −1 (Run 3). The current 2σ limits from Z decay at LEP-I [11] are also shown for comparison.
Note that the limits on λ ′ 331 obtained from the decay Z → τ + τ − depend on squark mass since the coupling λ ′ 331 contributes to this decay via the squark-quark loops. But our limits depend on the scalar-tau mass. Therefore, P t and R τ can provide complementary information for the coupling λ or even lower luminosity can provide meaningful information on this kind of new physics. As the polarization grows with energy, one can probe further parameter space in the couplings and masses at higher energies.
III. SUMMARY
We have studied the possibility to probe the R-parity violating interactions of the top quark at the Tevatron collider. Obviously, R-violating decays of squarks provide a way to limit these interactions [23] . We have shown that even when the squark is rather heavy and the production cross section is low, the R-violating interactions can affect the top quark pair production cross section via slepton (or squark) exchange. As these couplings are chiral, their contributions can lead to sizable polarization and forward-backward asymmetry for the top quark, that exceed the level expected from the standard model electroweak interactions. Hence, we expect that the forthcoming new runs at the Tevatron collider with main injector can improve the constraints on those couplings.
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APPENDIX
Here we list the amplitudes for dd → tt used in the paper. The Feynman amplitudes are as follows:
s-channel gluon exchange
t-channel slepton exchange
In these formulas, λ ′ and λ ′′ are to be interpreted as λ ′ i31 and λ ′′ 31k . After Fierz rearrangement, crossed channel amplitudes can be written in the s-channel form
The helicity amplitudes for the process may be calculated from these invariant amplitudes. The amplitude for the helicity combination
has the structure
where Since chirality is conserved, the process occurs for only two of the initial states with λ i = ±1. The standard model contribution is
The slepton exchange contribution exists only for λ i = +1 because of the chirality structure of the interaction (only d L interacts):
The squark exchange contribution is also for λ i = +1 only:
where β = (1 − 4m 
FIG. 2. Top quark polarizations at
√ s = 2 TeV versus the exchanged scalar-tau mass. Total: P t ; forward: P F t : backward: P B t . The figure can be also read as −P t /|λ ′′ 31i | 2 versus the exchanged squark mass with 'forward' and 'backward' interchanged. 
